Introduction
The climate research community aims to better characterize climate forcings such as aerosols, reactive gases, and greenhouse gases, and to better understand the responses of the climate system to these forcings. Such investigations rely in part on monitoring, studying, and understanding essential climate variables such as temperature, water vapor, clouds, radiation, and perturbations of aerosols and reactive gases. According to Dufresne and Bony (2008) , the parameters that play a predominant role in radiative feedbacks of the climate system are atmospheric humidity, adiabatic thermal gradients, clouds, and surface albedo. Interactions between humidity, clouds, aerosols, and radiation make climate predictions more complex.
The climate research community has long recognized the link between climate prediction uncertainty and atmospheric process complexity. For more than 20 years, it has demonstrated the necessity to perform collocated long-term observations of thermodynamic parameters (temperature, humidity, wind) and atmospheric constituents (gases, aerosols, clouds) distributed along the entire atmospheric column (surface to stratosphere) and associated radiative components.
As a result, the U.S. Department of Energy (DOE) launched the Atmospheric Radiation Measurement (ARM) Program in the 1990s (Ackerman and Stokes 2003; Stokes 2016, chapter 2) . Four atmospheric profiling observation facilities were developed to gather in situ and remote sensing instruments to monitor physical processes in the atmospheric column. A large research community of observation experts and climate modelers was funded to exploit the observation data. Similar atmospheric profiling observation facilities associated with large scientific communities emerged in Europe at the end of the 1990s. Several European initiatives were triggered or encouraged through bilateral collaborations between U.S. and European Union (EU) scientists or through participation of EU scientists in ARM projects (e.g., Cabauw observatory in the Netherlands; Palaiseau observatory in France; Jülich observatory in Germany).
Atmospheric profiling observatories provide scientists with the most resolved description of the atmospheric column. In Europe, as in the United States, these observatories have been collecting data every minute daily for more than a decade, allowing links to be established between processes occurring at diurnal or finer temporal scales and phenomenon occurring at climate scales. The limitation of an atmospheric profiling observatory is that it can only document one location of the globe with its specific atmospheric properties. The aerosol distributions, meteorological anomalies, and cloud properties observed at that location are representative of a limited spatial domain. Hence, atmospheric profiling observatories are needed at many locations around the globe to cover climatically diverse areas: near coasts, in continental plains, mountains, and urban environments. The U.S. ARM Program was designed initially to cover three distinct climatic regions (Cress and Sisterson 2016, chapter 5) : the Arctic (Alaska), midlatitudes [U.S. southern Great Plains (SGP)], and the tropics [tropical western Pacific (TWP) Ocean]. Atmospheric profiling observatories in Europe were developed primarily over the European continent, extending from locations around the Mediterranean Basin to the Arctic, and including coastal, continental, urban, and mountain sites.
The European Commission established several funding mechanisms to develop collaborations between researchers in Europe, to promote development of harmonized research infrastructures, and to reduce fragmentation in European research investments. As a result, in the past 10 years Europe was able to build an infrastructure essential to a large community of users by harmonizing aerosol, cloud, and trace gas observations across Europe.
As infrastructures, measurement techniques, data interpretation algorithms, and scientific expertise developed on both sides of the Atlantic, scientists became interested in the added benefits of collaboration and cross-fertilization between the U.S. ARM Program and EU atmospheric profiling research observatories. To expand investigations beyond existing atmospheric observatories, U.S. ARM scientists and ARM Mobile Facility (AMF) infrastructures participated in field experiments initiated by EU programs. EU and U.S. ARM scientists developed collaborations to harmonize data interpretation algorithms and to exploit jointly U.S. and EU observation datasets. Further development of formal collaboration between U.S. ARM and EU programs would enhance the ability of scientists worldwide to take on science challenges about climate change.
This chapter presents several European atmospheric profiling research observatories, development of European networking, and the current European research infrastructure (section 2). Section 3 presents EU program initiatives of interest for future collaboration with the ARM Program. Section 4 highlights collaborations that were developed subsequently between the U.S. ARM Program and its European counterparts. In section 5, we present an outlook toward future U.S.-EU collaborations around climate change challenges and observations.
European atmospheric profiling research observatories
Atmospheric profiling capabilities using active and passive remote sensing were developed as independent national initiatives in several European countries in the 1990s. Meteorological services and research institutes gathered several remote sensing systems, collocated them, and started to develop capacities to perform continuous measurements of atmospheric profiles and to store data for scientific research (section 2a). Through different initiatives of the European commission, several projects emerged in the early 2000s to coordinate atmospheric remote sensing activities across multiple European countries (section 2b). At the end of the 2000s, these coordination efforts were taken one step further to create a European research infrastructure initiative dedicated to a Europewide coordination of atmospheric profiling of aerosols, clouds, and trace gases for scientific research (section 2c).
a. National atmospheric profiling research observatories
Atmospheric profiling research observatories (APRO) with remote sensing capabilities were developed in Europe toward the end of the 1990s, a few years after the start of the U.S. ARM Program. Some APROs were developed by National Hydrological and Meteorological Services and their partners around existing meteorological facilities. Weather observations started in 1905 at the Meteorologisches Observatorium Lindenberg, now called the Richard Assmann Observatory, which became an atmospheric profiling observatory with remote sensing capabilities operated by the German Weather Service (DWD) in the mid-1990s. Similarly, the Royal Netherlands Meteorological Office (KNMI) founded a meteorological observatory in the early 1970s, which was upgraded in the early 2000s with many remote sensing instruments to become one of the more prominent European facilities for atmospheric research. Another example is the Payerne aerological station of the Swiss Meteorological Institute located in the western part of the Swiss midland.
Other observatories were developed by national research communities by bringing together atmospheric and climate scientists, who were experts in different remote sensing techniques. Some national research communities were connected to the ARM research community through participations in ARM projects or through bilateral collaborations with ARM scientists. This was the case of the SIRTA Observatory near Paris, France, which started from the initiative of a scientist in the 1990s. The development of the site was boosted in the early 2000s through collaboration with ARM scientists and participation in EU networks. Fifteen years later it has become a prominent European facility operating more than 100 sensors from 10 different institutes. In 1975, the National University of Ireland (Galway) Atmospheric profiling observation activities in Europe were given a major boost in 1998 when the European Space Agency financed the 1998 Cloud Lidar and Radar Experiment (CLARE'98) field campaign. This campaign involved flying three instrumented aircraft from Germany, France, and the United Kingdom equipped with in situ sampling instruments, cloud radar, and lidars over the ground-based 94-GHz cloud radar at the Chilbolton observatory in the United Kingdom. This campaign demonstrated the ability of cloud radars and lidars to infer cloud properties leading to the selection of the joint European-Japanese Earth Clouds, Aerosol and Radiation Explorer (EarthCARE) satellite mission, which is scheduled to be launched in 2017. More recently, national meteorological and atmospheric research communities realized that activities around atmospheric profiling measurement and scientific research exploiting these measurements could be coordinated at regional or national levels, which led to construction of national networks of atmospheric profiling observatories. One example is a German network whose goal is to harmonize activities of several observatories around the High Definition Clouds and Precipitation for Climate Prediction project [HD (CP) 2 ]. Another example is the French Réseau d'Observatoires pour la Surveillance de l'Eau Atmosphérique (ROSEA), a network of five observatories dedicated to atmospheric water profiling. The geographical distributions of these two national networks are shown in Fig. 29-2 . 
1) THE CABAUW EXPERIMENTAL SITE FOR ATMOSPHERIC RESEARCH
The Cabauw Experimental Site for Atmospheric Research (CESAR) observatory is located in the western part of the Netherlands (NL; 51.978N, 4.928E). The site is located close to the sea and to some of the major European industrial and populated areas. The site is exposed to a large variety of airmass types. In 1973, a 213-m-high meteorological mast was built at the Cabauw site for the study of the atmospheric boundary layer (ABL), land surface conditions, and the general weather situation. Also, well-kept observation fields are onsite for micrometeorological observations, including soil heat flux, soil temperatures, and various radiation measurements (including a BSRN station). Within a 40-km radius, there are four major synoptic weather stations, ensuring a permanent supporting mesoscale network. Since 2000, remote sensing observations have been performed on clouds, rain, aerosols, and radiation (see Table 29 Selected research highlights are presented in Table 29 -2. The observatory is also used by the industry to test new technologies, either for comparison with similar instruments or for long-term endurance tests. All data are freely available through the CESAR data portal (www. cesar-observatory.nl), which also lists all publications that report on the use of CESAR data.
2) THE RICHARD ASSMANN OBSERVATORY AND GERMAN OBSERVATORY NETWORK
The Meteorological Observatory Lindenberg-Richard Assmann Observatory (MOL-RAO) at Lindenberg operated by the DWD was originally founded in 1905. Since 1991, the MOL-RAO has been part of the DWD with extensive facilities. MOL-RAO serves as a regional reference station for many international programs and projects (Neisser et al. 2002) . MOL-RAO (52.178N, 14.128E) is located in a rural environment dominated by farmland about 60 km to the southeast of Berlin (see The Chilbolton observatory, located in Hampshire, United Kingdom (51.148N, 1.448W), was opened in 1967 when the construction of the 25-m dish was completed, and it now hosts the Chilbolton Facility for Atmospheric and Radio Research (CFARR). The S-band 3-GHz Advanced Meteorological Radar (CAMRa) installed on the big dish is the largest fully steerable meteorological radar in the world and is able to probe clouds and storms with unparalleled sensitivity and resolution. In 1980, it provided the first demonstration of improved radar estimates of rainfall by transmitting and receiving pulses alternately polarized in the horizontal and vertical (Hall et al. 1984) . CFARR now comprises 20 major instruments ( Fig. 29-3e ), 10 of which are new since 2005, for studying clouds, rainfall, boundary layer processes, and aerosols (see Table 29 -1). Many instruments operate 24-7 including the 35-GHz cloud radar, ceilometer, and microwave radiometer to provide continuous monitoring of the vertical structure of clouds and aerosol backscatter as part of the Cloudnet activity described in section 2b. Meteorological instruments include highresolution rain gauges and disdrometers to measure raindrop spectra. All data are archived at the British 29.4 (Haeffelin et al. 2005) . The observatory is operated by staff from Centre National de la Recherche Scientifique, Ecole Polytechnique, Université Versailles Saint Quentin, Electricité de France, and Météo-France, and supported by the French Space Agency. SIRTA is located in a semiurban environment, 25 km south of the Paris city center (48.728N, 2.218E; see Fig. 29-3c) . It operates over 100 sensors, monitoring ground conditions, surface fluxes, and profiles of atmospheric constituents and physical processes (see Table 29 Neggers et al. (2012) Volcanic ash Optical properties of the Eyjafjallajökull ash cloud were characterized by detailed lidar measurements. Donovan and Apituley (2013) Climate model evaluation Aerosol properties in the aerosol-climate model ECHAM5-HAM were evaluated with CESAR data. Roelofs et al. (2010) 29.6 long-term atmospheric observations based on remote sensing and in situ sensors to study atmospheric processes and to analyze regional climate variability. The location of the observatory is designed to study both local/regional-scale processes typical to the urban-rural transition such as the formation mechanisms of gaseous and particulate pollution (Freutel et al. 2013) or the effects of aerosols on fog and shallow cumulus ) under high-pressure situations and largerscale cloud-aerosol processes associated with baroclinic fronts. The SIRTA database is also geared toward global circulation model and numerical weather prediction model evaluations (e.g., Cheruy et al. 2013) . Atmospheric process studies frequently take advantage of possible ground and satellite remote sensing synergies (e.g., Protat et al. 2009; Dupont et al. 2010) . Selected SIRTA research highlights are presented in Fig. 29-3d ). The observatory operates in a typical mountain weather environment strongly influenced by Mediterranean atmospheric circulation, resulting in generally dry, hot summers and cold winters, and is affected by a large number of Saharan dust intrusions each year (Mona et al. 2006) . CIAO represents the most equipped ground-based remote sensing station in the Mediterranean Basin for atmospheric profiling (see Table 29 -1; Madonna et al. 2011; Boselli et al. 2012) . Since 2000, CIAO is collecting systematic observations of aerosol, water vapor, and clouds. The main scientific objective is the long-term measurement for the climatology of aerosol and cloud properties to provide quality-assured measurements for satellite validation (Mona et al. 2009; Wetzel et al. 2013) and model evaluation (Pappalardo et al. 2004; Villani et al. 2006; Meier et al. 2012) and to fully exploit the synergy and integration of the active and passive sensors for the improvement of the atmospheric profiling (Madonna et al. 2010; Mona et al. 2012) . CIAO provides access to data, services, and the research facility for conducting measurements campaigns, and instrument testing, with hundreds of users each year. Selected CIAO research highlights are presented in 
CHAPTER 29 (Defazio et al. 2009 ). By funding collaborative projects across Europe, the EU Framework Programme contributed significantly to develop collaboration between atmospheric research communities specializing in profiling atmospheric aerosols, clouds, and radiation in the early 2000s. Three initiatives that allowed construction of durable collaboration on aerosol and cloud profiling across Europe are presented in the three subsections below.
European Cooperation in Science and Technology (COST) is an intergovernmental framework whose goal is to reduce fragmentation in European research investments. COST helps develop cooperation between scientists and researchers across Europe by increasing their mobility through travel funds for meeting and short-term missions. COST Action 720 (2000-06), entitled ''Integrated Ground-Based Remote Sensing Stations for Atmospheric Profiling,'' supported researchers from 12 countries (Engelbart et al. 2009 ). The main objective of the action was the development and assessment of cost-effective integrated ground-based remote sensing stations for atmospheric profiling of wind, humidity, and clouds. It made important contributions to the development of techniques for integrated profiling systems. COST Action ES0702 (2008-12) , entitled ''European Ground-Based Observations of Essential Variables for Climate and Operational Meteorology'' (EG-CLIMET), supported researchers from 18 countries. The main objective of the EG-CLIMET action was the specification, development, and demonstration of cost-effective ground-based integrated profiling systems suitable for future networks providing essential atmospheric observations for both climate and weather. Following conclusions from the EG-CLIMET action, the European network of national hydrological and meteorological services (EUMETNET) launched a new program called E-PROFILE that will aim at coordinating the provision of calibrated aerosol and cloud profiling data from profiling ceilometers across Europe. This EUMETNET initiative will be accompanied by a new COST action (ES1303, 2013-17) entitled ''Towards Operational Ground Based Profiling with Ceilometers, Doppler Lidars and Microwave Radiometers for Improving Weather Forecasts'' (TOPROF). The TOPROF 
Hogan et al. (2003b)
Rain rates from polarization radar First demonstration of improved rainfall estimates and hydrometeor identification using polarization diversity radar; these techniques now implemented on operational radars worldwide. Hall et al. (1984) Cloud overlap Measurements and parameterization of the degree of overlap of clouds and IWC; results implemented in many climate and weather forecast models worldwide. Illingworth (2000, 2003) Ice cloud physics Doppler radar demonstration that dominant growth mechanism in ice clouds is aggregation.
Westbrook et al. (2010) Ice particle shattering Demonstration using Doppler lidar that high concentrations of ice particles reported from aircraft are an artifact due to shattering.
Westbrook and Illingworth (2009) Mixed-phase clouds 95% of ice in clouds warmer than 2208C originates via the freezing of liquid supercooled droplets.
Westbrook and Illingworth (2011) Ice nucleation
Observations demonstrating that ice nucleation in supercooled layer clouds is stochastic with a seemingly inexhaustible supply of ice nuclei.
Westbrook and
Illingworth (2013) Boundary layer dynamics Use of Doppler lidar observations of vertical velocity skewness and variance to infer the upward and downward convective forcing in cloud-topped boundary layer. Browning et al. (2007) 29.8 action aims at developing the procedures to harmonize the provision of data from profiling ceilometers, microwave radiometers, and Doppler lidars.
The last decade has shown rapid advancement in ground-based remote sensing instrumentation being first implemented at reference sites with high potential for larger networks. Because the principles and applications of these instruments are not reflected in past and current university curricula, training activities on various educational levels are required. In addition to training future users, this training also is interesting for small and medium enterprises with growing demand for well-trained personnel. The European Marie Curie Initial Training Network on Atmospheric Remote Sensing (ITARS) aims to bridge the gap between the specialized development of single instruments and atmospheric applications by providing individual training, courses, and summer schools with focus on sensor synergy for early stage and experienced researchers. The Cloud Liquid Water Network (CLIWA-NET) project (2000-03) was initiated in the context of the EU Baltic Sea Experiment (BALTEX). The objectives of CLIWA-NET were to improve parameterizations of cloud processes in atmospheric models with a focus on vertically integrated cloud liquid water path (LWP) and vertical structure of clouds. To achieve this goal, a prototype of a European Cloud Observation Network was set up, which consisted of 12 ground-based stations and satellite measurements. Because microwave radiometry is the most accurate way to measure liquid water path, more than 10 different microwave radiometers from European universities and research organizations operated successfully during three enhanced observation phases-all part of BRIDGE, the major field experiment of BALTEX. Most importantly, the BALTEX BRIDGE Campaign (BBC; Crewell et al. 2004) included multiple aircraft observations and a microwave intercomparison campaign that served as a baseline to develop an operational microwave radiometer for LWP and thermodynamic profiles (HATPRO; Rose et al. 2005) . Methodologies focusing on the evaluation of model-predicted cloud parameters with CLIWA-NET inferred observations were developed and examined in various applications, for example, a statistical evaluation Origin of pollution 1/3 of regional particulate matter concentrations are due to local emissions, while 2/3 originate from continental transport. The proportion of the transported contribution increases in situations of high particulate matter concentrations. Zhang et al. (2013) GCM parameterization evaluation
Biases in temperature and humidity can be explained by biases in the partition between surface sensible and latent heat, underestimation of boundary layer clouds, and insufficient turbulent transport in the surface layer. Cheruy et al. (2013) Boundary layer structure Synergy between lidar backscatter profiles and a Monin-Obukov length classification derived from sonic anemometer measurements to reduce uncertainties in daytime and nighttime mixing-height retrievals by more than a factor 2 compared to lidar retrievals alone.
Haeffelin et al. (2012) Pal et al. (2013) Cimini et al. (2013) Access to the observatory The SIRTA Observatory provides nearly 1000 accesses per year, where an access is defined as 1 user (researcher, student, visitor) for 1 day. Users access the observatory mainly (50%) in the framework of continuous long-term observation programs but also (25%) for shorter deployments such as field campaigns [e.g., Megacities: Emissions, Urban, Regional and Global Atmospheric Pollution and Climate Effects, and Integrated Tools for Assessment and Mitigation (MEGAPOLI), ParisFog], and 25% for experimental teaching sessions and outreach. Each year more than 2500 student hours of teaching are performed on the observatory.
Freutel et al. (2013) Haeffelin et al. (2010) of LWP (van Meijgaard and Crewell 2005) , the representation of vertically distributed liquid water content (Willen et al. 2005) , and comparisons of model-predicted LWP fields with satellite retrieved spatial distributions. Activities to improve temperature and humidity profile retrievals from microwave radiometers were initiated during CLIWA-NET and are described in section 3a.
3) THE FP5 CLOUDNET PROJECT
Originally an EU-funded project running from 2001 to 2005 [Fifth Framework Programme (FP5)], the aim of Cloudnet is to provide a systematic evaluation of clouds in forecast models (Illingworth et al. 2007 ). This evaluation has been achieved by establishing several ground-based remote sensing sites within Europe, which, like those of the U.S. ARM Program, are equipped with an array of instrumentation using active sensors such as lidar and Doppler millimeter-wave radar. These ground-based remote sensing sites provide vertical profiles at high spatial and temporal resolution of the main cloud variables used in forecast models, namely cloud cover and cloud ice and liquid water contents. Previously, the efforts to improve clouds in forecast models had been hampered by the difficulty of making accurate and continuous observations of clouds. Aircraft studies by their nature provide incomplete spatial and temporal studies, and published papers concentrating on case studies may be atypical. Mona et al. (2012) Aerosol-cloud interactions Study the variability of aerosol optical properties, relative humidity, updrafts, and downdrafts in broken thin liquid water clouds with the aim to gain a better insight in droplet activation process using Raman lidar, Doppler radar, and microwave radiometer observations. Rosoldi et al. (2013) Aerosol transport Analysis of the physical and dynamical processes related to aerosol transport as well the validation of the main transport modeled [Dust Regional Atmospheric Model (DREAM), Navy Aerosol Analysis and Prediction System (NAAPS), HYSPLIT] using advanced lidar observations for different aerosol types (e.g., Saharan, volcanic, biomass burning).
Villani et al. (2006), Sawamura et al. (2012) , Pappalardo et al. (2013) Satellite calibration/validation A strategy for EARLINET correlative measurements for CALIPSO has been developed at CIAO, allowing a reliable statistical analysis and validation of CALIPSO data.
Mona et al. (2009), Pappalardo et al. (2010) Advanced statistical analysis of atmosphere thermodynamics
General and versatile statistical modeling approach to understand to what extent measurement uncertainty and redundancy are related to environmental factors, height, and distance has been elaborated using data from the main highly instrumented station available worldwide.
Fassò et al. (2014), Madonna et al. (2014) Upper-air measurements In situ and ground-based remote sensing measurements in the upper troposphere are routinely performed to assess long-term trends and variability, providing traceable measurements with their uncertainty budget.
Mona et al. (2007)
Access to the observatory CIAO provides nearly 500 physical accesses per year, where an access is defined as 1 user (researcher, student, visitor) for 1 day accessing the infrastructure. CIAO provides also open access to its data archive and to specific services on request. 60% of the access is provided to European and international users through calibration services, data processing services, access to data, and physical access for specific experiments and training activities. International large field campaigns are organized with international partners in the framework of EU and international projects/programs. Access to new users is promoted through dissemination activities (per review articles, presentations at European and international conferences). Access to young scientists is promoted through Marie Curie Actions and European and international schools.
Madonna et al. (2011) www.ciao.imaa.cnr.it
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Following the ethos of the ARM Program, these sites have operated continuously for many years in order to gain statistics and sample the full range of weather phenomena. An important aspect of Cloudnet was the involvement of a number of European operational forecast centers in a cooperative effort to evaluate and improve their skill in cloud predictions. These centers provided profiles of cloud properties hourly for the model grid box over the three original Cloudnet observing stations (see map in Fig. 29-1 ): CESAR (the Netherlands), CFARR (United Kingdom), and SIRTA (France), but more recently extended to MOL-RAO (Germany) and many other sites as discussed in section 3c. The procedure for deriving cloud properties from ground-based observations for evaluating models is not trivial (e.g., see Shupe et al. 2016, chapter 19) . Each of the sites has a different mix of instruments, so a crucial part of Cloudnet has been to devise a uniform set of procedures and data formats to enable the algorithms to be applied at all sites and used to test all models. Cloudnet algorithm developments are presented in section 3a. The core instruments for use in cloud retrievals at each site are a Doppler cloud radar, a lidar ceilometer, a dual-or multiwavelength microware radiometer, and a rain gauge, all operating 24 hours each day. A crucial aspect is to have a common calibration standard for the instruments, so techniques were developed for automatically calibrating cloud lidars ) and cloud radar (Hogan et al. 2003a ) using the properties of the meteorological targets themselves.
The evaluation of the representation of clouds in seven European operational forecast models as reported by Illingworth et al. (2007) and Bouniol et al. (2010) were quite revealing. In 2003, several gross errors in cloud fraction were identified in some models, but analysis of updated models for the year 2004 showed a considerable improvement. However, a common shortcoming of all models was the lack of midlevel cloud and the inability of many models to produce sufficient occasions when there was 100% cloud cover. Results are provided in section 3c.
4) THE FP5 AND FP6 EARLINET PROJECTS
EARLINET was established in 2000 as a research project funded by the European Commission, within the Fifth Framework Programme, with the main goal to provide a comprehensive, quantitative, and statistically significant database for the aerosol distribution on a continental scale. After the end of this project, the network activity continued based on a voluntary association. The 5-yr (2006-11) project EARLINET-Advanced Sustainable Observation System (ASOS) in the Sixth Framework Programme (FP6), starting on the EARLINET infrastructure, has contributed strongly to optimize the operation of the network.
The network started to perform measurements on 1 May 2000 with 22 lidar stations distributed over 14 European countries. Since then, the network has grown both in number of stations and observational capability. Currently, EARLINET consists of 27 lidar stations: 10 single backscatter lidar stations, 8 Raman lidar stations with the UV Raman channel for independent measurements of aerosol extinction and backscatter, and 9 multiwavelength Raman lidar stations (elastic channel at 1064, 532, and 355 nm; Raman channels at 532 and 355 nm; plus a depolarization channel at 532 nm). (A complete list of stations can be found at www.earlinet.org. The locations of these stations are shown as red stars in Fig. 29-1.) Lidar observations within the network are performed on a regular schedule of one daytime measurement per week around noon, when the boundary layer is usually well developed, and two nighttime measurements per week, with low background light, in order to perform Raman extinction measurements (Matthias et al. 2004a) . In addition to the routine measurements, further observations are devoted to monitor special events such as Saharan dust outbreaks (Ansmann et al. 2003; Papayannis et al. 2008) , forest fires (Balis et al. 2003 ) and volcano eruptions (Pappalardo et al. 2013 ). Since June 2006, additional measurements have been performed at EARLINET stations in coincidence with CALIPSO overpasses according to a strategy for correlative measurements developed within EARLINET ).
Data quality has been assured by instrument intercomparisons using the reference transportable systems (Matthias et al. 2004b ). The quality assurance also included the intercomparison of the retrieval algorithms for both backscatter and Raman lidar data (Böckmann et al. 2004; Pappalardo et al. 2004) . Moreover, ad hoc tools for the continuous quality check of the instruments and algorithms are used regularly.
The EARLINET database is an important source of data that contributes to the quantification of anthropogenic and biogenic emissions and concentrations of aerosols, quantification of their budgets, radiative properties, and prediction of future trends. It contributes therefore to the improvement of the understanding of physical and chemical processes related to aerosols, their long-range transport and deposition, and their interaction with clouds (e.g., Guibert et al. 2005; Meier et al. 2012 ).
c. Network of networks
Since 2000, significant efforts have been made in Europe to establish research infrastructures and networks for atmospheric research. However, only in the EU Seventh Framework Programme was a coordinated research infrastructure for these observations established.
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The ACTRIS network is an outstanding research infrastructure launched in 2011 that aims to coordinate the European ground-based network of stations equipped with advanced atmospheric probing instrumentation for aerosols, clouds, and short-lived trace gases. The main objectives of ACTRIS are the following:
d To provide long-term observational data relevant to climate and air quality research on the regional scale produced with standardized or comparable procedures throughout the network (Fig. 29-1 ).
d To provide a coordinated framework to support transnational access to large infrastructures ( Fig. 29-4 ) strengthening high-quality collaboration in and outside the European Union and access to high-quality information and services for the user communities (research, environmental protection agencies, etc.).
d To develop new integration tools to fully exploit the use of multiple atmospheric techniques at groundbased stations, in particular for the calibration/validation/ integration of satellite sensors and for the improvement of the parameterizations used in global and regional-scale climate and air quality models.
d To enhance training of new scientists and new users in particular students, young scientists, and scientists from eastern European and non-EU developing countries in the field of atmospheric observation.
d To promote development of new technologies for atmospheric observation of aerosols, clouds, and trace gases through close partnership with EU small and medium enterprises (SMEs).
A key for ACTRIS success is to build a new research infrastructure on the basis of a consortium joining existing networks/observatories that are already providing consistent datasets of observations and that are performed using state-of-the-art measurement technology and data processing. In particular, the ACTRIS consortium merges two existing research infrastructures funded by the European Commission under FP6: European Supersites for Atmospheric Aerosol Research (EUSAAR) and EARLINET (section 2b). ACTRIS also includes the distributed infrastructure on aerosol interaction existing from the Cloudnet EU research project (section 2b) and by grouping the existing EU ground-based monitoring capacity for short-lived trace gases, which currently is not coordinated at any level-except for the European Monitoring and Evaluation Programme (EMEP) and the Global Atmosphere Watch (GAW) caring for a few specific compounds. Therefore, ACTRIS represents an unprecedented effort toward integration of a distributed network of ground-based stations, covering most climatic regions of Europe, and responding to a strong demand from the atmospheric research community. ACTRIS is a step toward better integration of aerosol, cloud, and trace gases communities in Europe necessary to match the integration of high-quality long-term observations of aerosol, clouds, and short-lived gas-phase species and for assessing their impact on climate and environment. ACTRIS outcomes will be used for supporting decisions in a wide range of policy areas, including air quality, health, international protocols, and research requirements.
EU program initiatives opening to areas of collaboration with the U.S. ARM Program
Projects funded by the European Commission, presented in sections 2b and 2c, allowed European countries to develop and harmonize observation infrastructures. These projects also allowed important scientific developments by supporting the improvement of retrieval methods and algorithms to derive essential climate variables (section 3a), the reanalysis of long-term atmospheric profiling observations to produce quality controlled and harmonized datasets to study climate variability and related atmospheric processes (section 3b), and the development of frameworks including better tools and methods to evaluate weather forecast and climate prediction models (section 3c). 29.12 of algorithms to retrieve aerosol properties; temperature and humidity profiles; boundary layer height; and cloud properties from radars, lidars, and microwave radiometers. Developments focused on retrievals from sophisticated systems such as multiwavelength Raman lidars and polarized Doppler cloud radars. Recently, low-cost low-power elastic backscatter lidars (profiling ceilometers), profiling microwave radiometers, and continuous-emission cloud radars became available. In Europe alone, several hundred profiling ceilometers are gathering aerosol and cloud backscattering data continuously as national weather services started to build up networks of ceilometers (e.g., Flentje et al. 2010) . About 30 microwave profilers are also available, and the potential for low-cost continuous-emission cloud radar networks to develop is high. Hence research developments now also focus on assessing the performance of the low-cost instruments and developing specific retrieval algorithms.
1) AEROSOL PROFILE RETRIEVALS
Detailed knowledge of optical, microphysical, and radiative properties of aerosol particles is required to understand their role in atmospheric processes as well as their impact on human health and the environment (Forster et al. 2007 ). The properties must be monitored as a function of time and space, where the vertical dimension is of particular importance because of high variability. Lidar techniques are ideal for collecting rangeresolved data for the characterization of aerosol particles.
EU programs such as EARLINET and ACTRIS provided collaboration frameworks within Europe and strongly supported developments of multiwavelength Raman lidar. These programs also motivated algorithm developments to retrieve aerosol optical properties (backscatter and extinction profiles) as well as microphysical properties (size, shape) and types from Raman lidars. Recent developments now take advantage of the synergy between multiwavelength measurements of lidars and sunphotometers, as illustrated in Fig. 29-5 . Examples of developments are presented in Table 29-7. EU COST actions such as EG-CLIMET and TOP-ROF also provided useful collaboration frameworks to exploit existing, yet underexploited, low-power automatic backscatter lidars and profiling ceilometers (ALCs). Following spring 2010 when air traffic was disrupted in Europe because of the presence of volcanic ash plumes (e.g., Pappalardo et al. 2013 ), a renewed interest was gained in the potential of ALCs to retrieve aerosol properties. Techniques for calibrating ALCs and for retrieving backscatter profiles from ALCs developed in the framework of EU programs are presented in Table 29-7. 2) TEMPERATURE AND HUMIDITY PROFILE RETRIEVALS Tropospheric temperature and humidity are basic meteorological quantities that determine atmospheric stability. Therefore thermodynamic profiling with high CHAPTER 29
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temporal and spatial resolution is of high importance for many applications in atmospheric sciences, such as initialization of weather forecasting, model evaluation, and process studies. Radiosonde soundings can provide high vertical resolution profiles along the balloon trajectory but are limited to time intervals of typically 12 h. Therefore, continuous profile observations by unattended remote sensing instruments are of high interest (Carbone et al. 2012 ) but suffer some drawbacks in vertical resolution and accuracy. Microwave radiometry is commonly used to derive temperature and humidity profiles from brightness temperature (BT) measurements by applying regressionbased retrieval algorithms relying on a comprehensive prior dataset. BT measurements typically in zenith direction are made at several frequencies along absorption complexes, that is, water vapor and oxygen, requiring a good knowledge on atmospheric absorption characteristics. Kadygrov and Pick (1998) introduced a single frequency technique for boundary layer temperature profiling where different opacities are realized via different elevation angles. To improve accuracy and vertical resolution multifrequency and multiangle measurements can be combined ). A major advantage of microwave radiometer retrievals is that they are mostly independent on the occurrence of clouds, except for cases of heavy precipitation where saturation effects may occur or when the measurement is influenced by rainwater on the microwave radiometer radome. Infrared spectrometers also can provide thermodynamic profiles but are limited to clear-sky conditions where they are more accurate than the microwave retrievals ; Fig. 29-6 ). However, in the lowest 500-m microwave-derived temperature profiles, derived from elevation scans are as accurate as the infrared retrievals. To optimally exploit the information content of microwave radiometers, variational techniques that combine BT measurements with a priori knowledge and/or auxiliary information have been developed for physically consistent temperature and humidity profiling (Hewison 2007; Cimini et al. 2006) . Table 29 -8 presents temperature and humidity profile retrieval methods based on microwave radiances developed in the framework of EU programs. Further developments through collaboration with the ARM Program are presented in section 4b.
3) MIXING-HEIGHT RETRIEVALS
The atmospheric mixing height is the height of the layer adjacent to the ground over which constituents emitted within this layer or entrained into it become vertically dispersed by convection or mechanical turbulence within a time scale of about one hour (Seibert et al. 2000) . During daytime the mixing layer tends to be unstable as a result of convection and is capped by an entrainment zone. At night a shallow stable layer forms near the surface in which mixing occurs through intermittent turbulence, leaving a residual layer above. Mixing height is a necessary parameter to relate boundary layer concentrations of gases to upstream fluxes and to scale dispersion of trace gases and aerosols for air quality applications.
As pointed out in Seibert et al. (2000) , there is no ''mixing-height meter'' able to determine the mixing height without uncertainties and assumptions. Furthermore, the definitions of mixing layer depend on the geophysical quantity employed in the definition. Because of the importance of this parameter, in the past 20 years, no less than five EU COST actions were at least partially dedicated to better understanding and improving mixing-height retrieval techniques. Table 29 -9 provides references to retrieval methods based on radio sounding, lidar, sodar, radar, and microwave radiometers derived in the framework of EU COST actions. The use of instrument synergy allows objective retrievals to be developed as illustrated in Fig. 29-7 ). Multiwavelength Raman lidars and millimiter-wavelength radars Madonna et al. (2010 Madonna et al. ( , 2013 29.14 The multi-instrument retrieval techniques could be of interest to derive mixing heights over ARM sites.
4) CLOUD PROFILE RETRIEVALS
Cloud property retrievals derived from cloud radars and lidars were developed in the framework of the EU Cloudnet project (presented in section 2b). These retrieval algorithms use continuous observations by millimetercloud radars, lidar ceilometers, microwave radiometers, and rain gauges to derive values of cloud fraction, ice, and liquid cloud water content (Illingworth et al. 2007 ). The overall retrieval framework consists of two steps, with the target classification being performed first followed by the microphysical retrievals. The retrieval algorithms were chosen based on their ability to be applied robustly to long periods of data with wellcharacterized errors. The first step in processing is to perform 30-s averaging from each site with the instrument vertical resolution of 30 or 60 m, followed by classifying the target in terms of liquid cloud, ice cloud, rain, aerosol, insects, and combinations thereof. The target classification then guides the retrieval of ice and liquid water content at the instrument resolution. Values of cloud fraction, liquid water content, and ice water content (see Table 29 -10 for details) are derived and then averaged onto the vertical grid of each forecast model, and also averaged in time by an amount equivalent to the horizontal resolution of the model given the profile of wind speed. Application of this retrieval scheme to ARM Program measurements is presented in section 4c.
As well as being used for model evaluation, the target classification and microphysical retrievals have been used to study cloud processes. For example, the identification of supercooled water clouds has been used in an analysis ( Fig. 29-8 ) of four years of data at Chilbolton to reveal that 95% of ice forming at temperatures warmer than 2208C originates via the freezing of liquid drops in supercooled clouds. . Histograms of the number of degrees of freedom for (left) temperature and (right) humidity retrievals at the (top) Payerne and (bottom) Darwin sites. The different shading indicates the retrieval methods: microwave radiometer zenith only (MZ) in green horizontal lines, microwave radiometer with variable elevation angles (ME) in green slanted lines, and Atmospheric Emitted Radiance Interferometer (AE) in red.
5) SYNERGETIC LIQUID CLOUD PROFILE RETRIEVALS AND BLIND TEST INITIATIVE
State-of-the-art liquid cloud profile retrievals typically use information from cloud radar, microwave radiometer (MWR) and lidar to retrieve liquid cloud parameters like liquid water content, cloud droplet number concentration (N), effective radius (R eff ), and cloud optical depth (COD). Various methods to retrieve these properties exist and may differ in the measurements used and assumptions made. Some methods combine cloud radar and MWR information, for example, the Technical University Delft Remotely-Sensed Cloud Property Profiles (TUD-RSCCP) algorithm (Brandau et al. 2010) or the integrated profiling technique (IPT; Löhnert et al. 2004; Löhnert et al. 2008) . In contrast to TUD-RSCCP Harvey et al. (2013) 29.16
and IPT, the synergistic remote sensing of cloud (SYRSOC) algorithm (Martucci and O'Dowd 2011; Martucci et al. 2012 ) also makes use of lidar observations (see Table 29 -11 for more information on the algorithms).
Within the EG-CLIMET COST action (http://www.cost. eu/COST_Actions/essem/ES0702), the above-listed algorithms were assessed thoroughly via an observing system simulation experiment (OSSE). Using synthetic observations based on scenes from cloud-resolving model output, an independent evaluation of the different retrieval algorithms was conducted. All methods are very sensitive to the correct description of the cloud boundaries and the correct discrimination between cloud droplets and precipitation. The accuracy of the SYRSOC liquid water content depends on the accuracy of the retrieved lidar extinction. For nonprecipitating cases, the TUD-RSCCP method provides the best results with accuracy in liquid water content of ;15% (Fig. 29-9 ). In precipitating cases, drizzle drops dominate the radar reflectivity factor signal resulting in an overestimation (underestimation) of the effective radius (droplet number concentration). However, both IPT and TUD-RSCCP still provide robust results for the liquid water content with errors in the range of 20%-50%. During the EU-DOE Ground-Based Cloud and Precipitation Retrieval Workshop, which took place on 13-14 May 2013 in Cologne, it was decided that an extended experiment within the same framework that would also include DOE ARM retrieval algorithms would be conducted in the future.
b. Long-term climate datasets
Atmospheric profiling observatories are useful for modeling applications and climate studies, in particular because local processes can be used to explain the seasonal and interannual variability of climate (e.g., Chiriaco et al. 2014) . Nevertheless, climate trends or variability cannot be detected in a dataset if the climate signal is less than the measurement biases. These biases must be reduced using specific procedures. The data from each APRO must be reprocessed carefully to include better quality control and better retrieval algorithms, to make use of instrument synergy, to reduce biases, and to evaluate uncertainties and spatial representativeness. Further, APRO data must be harmonized in temporal and vertical grids and must follow naming conventions and commonly adopted user-friendly formats. This work consists in reanalyzing the original data to reach a high level of harmonization and standardization.
Ad hoc activities within the U.S. and European atmospheric observation communities have been initiated to produce comprehensive datasets of clouds, radiation, Xie et al. 2010 ), consists of a dozen cloud and radiation quantities provided as hourly averages, standard deviations within each hour, and quality control flags to qualify data quality and temporal variability. CMBE products were derived from data at each ARM observation facility. In Europe, a similar initiative was started in the frame of the European Union Cloud Intercomparison, Process Study and Evaluation (EUCLIPSE) Project (see section 3c). A dataset was developed from data gathered at the observatories of CESAR (only EUCLIPSE period for now), CFARR (only EUCLIPSE period for now), and SIRTA (all the available period, starting in 2002 for the earliest observations). The European Climate Testbed Dataset (ECTD) includes meteorological parameters, cloud and surface fluxes parameters, and instrument observables. For each parameter, a retrieval algorithm was identified to harmonize data interpretation across the three observatories. A quality control procedure was developed for each parameter. Spatial representativeness was evaluated over a 50-km domain around the observatory using observations from standard meteorological stations. Similarly to the CMBE dataset, ECTD provides data as hourly averages, standard deviations within each hour, and quality control flags to qualify data quality and temporal and spatial variability. Data files are in netCDF format, which includes all necessary metadata associated with each parameter. An important feature is that the ECTD data nomenclature (names of geophysical variables) is made consistent with the ARM CMBE nomenclature and the nomenclature used by CMIP5 climate models. A description of the ECTD of the SIRTA Observatory is provided in Cheruy et al. (2013) and Chiriaco et al. (2014) , including a description of the quality control procedure. Table 29 -12 provides the content of the SIRTA file (available online at http://sirta.ipsl.polytechnique.fr/sirta.old/reobs.html).
EU and U.S. scientists have recognized that there is a strong need to have these activities coordinated in a better way so that U.S. and EU datasets have common retrieval methods, data formats, naming conventions, common grids, etc. This coordination would help increase the number of studies that make combined use of EU and U.S. APRO datasets. As suggested during the . The fraction of ice clouds containing liquidlike layers as a function of cloud-top temperature derived from four years of continuous observations at CFARR. To test the sensitivity of the identification of supercooled water and ice from radar and lidar observations, the diamonds are for data when the dBZ radar threshold was increased from 220 to 210 dBZ to ensure that no liquid droplet clouds are being diagnosed as containing ice. The triangles are for cases when the presence of ice was confirmed by specular reflection from oriented ice particles. LWC, LWP, T, and q profiles Z from cloud radar, brightness temperatures from MWR, prior information on LWC, T, and q profiles IPT (Löhnert et al. 2004 (Löhnert et al. , 2008 29.18 U.S.-EU workshop (DOE-Climate and Environmental Sciences Division 2013), a data-harmonization working group should be created to address these data issues, specifically for applications that require use of long-term multiparameter datasets.
c. Climate and weather model evaluation initiatives
Existing observations from routine measurements or long field campaigns carried out at atmospheric profiling observatories can be used to evaluate models on synoptic, seasonal, interannual, and now even climatic time scales at a relatively low cost. Such continuous evaluation is complementary to detailed case studies performed with 1D versions of climate models or with cloud-resolving models and large-eddy simulations carried out on highly documented cases obtained during focused field experiments. Long-term or continuous evaluations offer more representative evaluations to identify limitations in physical parameterizations of models, to evaluate the impact of modified parameterizations, and to confront the behavior of different models on different observatories. We present three examples of model evaluation frameworks developed in Europe that use long-term observations from atmospheric profiling observatories: the Cloudnet framework to evaluate NWP models, the KNMI Parameterization Test Bed (KPT) framework for single-column and climate model evaluations, and the EUCLIPSE framework to develop datasets for the International Climate Model Intercomparison Project.
1) CLOUDNET NWP MODEL EVALUATIONS
A framework for continuous evaluation of NWP models was developed in the EU Cloudnet project described in sections 2a and 2b. As an example of Cloudnet model evaluation, Fig. 29-10b shows that in 2004 the profiles of mean ice water content (IWC) and the probability distribution of IWC in European operational forecast models were generally in fair agreement with the observations. It can be seen that the Met Office mesoscale and the ECMWF model reproduce the mean IWC within the uncertainty of the IWC retrieval. Below 0.1 g m 23 , the DWD model has the best representation of the PDF, but because it treats falling snow as a separate noncloud variable, it predicts virtually no IWC above this, thus the mean IWC below 7 km is substantially underestimated. Both the Météo-France and Met Office global models have too low a mean value of IWC mainly because they are simulating too narrow a distribution of the IWC. As part of the ACTRIS FP7 project, the Cloudnet analysis system is being extended to cover more sites within Europe and to implement new model evaluation metrics. Many European forecast models are now carrying aerosol loading as prognostic variables, and the first steps are now being made to compare the forward-modeled lidar backscatter profiles of the aerosols with those observed by Cloudnet. This also raises the possibility of assimilating the observations in real time. New techniques have been developed for evaluating models. For example, Barrett et al. (2009) compared diurnal composites of observed and modeled stratocumulus clouds and found that models with a nonlocal mixing scheme and an explicit formulation for cloud-top entrainment had the best diurnal cycle of cloud occurrence. New approaches have been developed for evaluating not just the climatological occurrence of clouds in models but their ability to forecast them at the right time and location. The equitable threat score (ETS) is used widely in forecast verification but Hogan et al. (2009a Hogan et al. ( , 2010 pointed to several inherent problems with ETS. Most important is that the ETS value depends upon the frequency of occurrence and tends to zero for increasingly rare events. Cloud occurrence decreases rapidly toward the troposphere leading to a misleading drop in the value of ETS. They proposed a new metric, the symmetric extreme dependency score, which avoids these problems and is being implemented within Cloudnet .   FIG. 29-9 . Mean LWC profile from cloud-resolving model output (thick black) and corresponding 1s range (dotted black) for a simulation initialized over the CESAR Observatory (the Netherlands). The red lines show results and corresponding 1s ranges from (left) the Cloudnet scaled-adiabatic method and (right) the TUD-RSCCP method.
29.19 Hogan et al. (2009a) used this score to show that the ''half life'' of a cloud forecast (the time into the forecast at which, on average, the score fell to half of its initial value) was 2.5-4.5 days rather than around 9 days for a pressure forecast. Operational forecast models within Europe are introducing more advanced cloud and aerosol parameterizations with additional variables, but there is a risk that if the new variables are not constrained by observations, they can actually degrade the forecast.
Comparison of skill scores of forecasts with and without the new variables should reveal if they are leading to a more realistic representation of cloud/aerosol interactions.
2) KNMI PARAMETERIZATION TEST BED
Diabatic processes like turbulence, convection, clouds, and radiation still are represented insufficiently in 
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weather and climate models making the development and improvement of scale-adaptive parameterizations a necessity. Measurements obtained from permanent profiling sites can help to constrain these insufficiencies but require a framework that brings together simulations and observations in an appropriate manner. Neggers et al. (2012) developed such a platform, the KPT, where models and measurements can be evaluated and compared interactively. Here data streams from the CESAR site are used for evaluation of continuous single-column model (SCM) and LES runs at multiple time scales. In this way, both typical long-term model behavior and process-level case studies can be investigated. KPT proved its value by successfully identifying a compensating error between cloud vertical structure and cloud overlap (Neggers and Siebesma 2013) . The test bed approach being at the interface of the observational and the modeling community helps to efficiently exploit observations for atmospheric model improvement. Currently the KPT is extended to the Integrated ScaleAdaptive Parameterization and Evaluation (InScAPE) project centered at the JOYCE observatory with the potential for transfer to further profiling sites (http://gop. meteo.uni-koeln.de/~neggers/InScAPE/).
3) EUCLIPSE CMIP MODEL EVALUATIONS
The EUCLIPSE project is a European collaborative effort, funded by the Seventh Framework Program of the European Commission, dedicated to improve the evaluation, understanding, and description of the role of clouds in Earth's climate. The central focus of the project is to reduce the uncertainty in the representation of cloud processes and feedbacks in the new generation of earth system models. Cheruy et al. (2013) used the harmonized ECTD (presented in section 3b) to evaluate the standard and new parameterizations of boundary layer, convection, and clouds in the Earth System Model of L'Institut Pierre-Simon Laplace. Realistic coupling with the surface is an essential element of 3D simulations over a continental site. Hence two different land surface hydrology parameterizations were considered to analyze different land-atmosphere interactions. For this evaluation, the multiparameter characteristic of atmospheric profiling observatories is essential. It allows separate components of the system to be constrained simultaneously, such as radiative fluxes, latent and sensible heat fluxes, the height of the mixing layer, temperature and humidity in the boundary layer and in the soil, and properties of boundary layer clouds. Ten-year simulations of the coupled land surface-atmospheric modules were compared to observations collected at the SIRTA Observatory. Simulations were conducted with a stretched grid in the vicinity of the SIRTA Observatory, in a nudged mode to enable comparisons with observed parameters following a methodology developed by Coindreau et al. (2007) . The study highlights how identified biases in temperature and humidity can be explained by biases in the partition between surface sensible and latent heat, by underestimation of boundary layer clouds, and insufficient turbulent transport in the surface layer. In addition, the approach allowed the authors to test how new parameterizations can reduce biases in the different components. Stegehuis et al. (2013) suggest that the partition between surface sensible and latent heat is of particular importance if climate prediction models are to correctly predict summertime heat waves over Europe. Campoy et al. (2013) 
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that the description of groundwater in land surface models should be improved to obtain better predictions of summertime heat waves.
Collaborations between U.S. ARM and EU programs
The scientific programs, improvements in retrieval algorithm, extensive datasets, and efficient frameworks for model evaluations developed by European scientists, have triggered significant interest in the U.S. ARM scientific community. The conduct of observational field campaigns/experiments is an area where collaboration between the ARM and EU programs can be found. The participation of U.S. investigators in EU field campaigns was reinforced after the AMF was developed (section 4a). Collaborations between ARM and EU atmospheric profiling research observatories strengthened through the development of harmonized data interpretation algorithms (section 4b) and of model evaluation frameworks (section 4c). Common use of ARM-EU APRO datasets in scientific investigations is also an identified avenue of collaboration (section 4d). Collaboration was developed mostly outside any formal framework through bilateral collaboration between U.S. and EU scientists. These initiatives resulted in significant cross-fertilization between the ARM and EU programs.
a. Common field campaigns
To complement its permanent sites, the ARM Program developed the AMF to collect data in additional regions of interest to the general atmospheric science community (Miller et al. 2016, chapter 9 ). An open call for proposals for deployment periods of 6-12 months is issued each year. The European Community successfully applied twice to complement major field experiments with AMF proposals. The first AMF deployment occurred in Niamey, Niger, in 2006. In 2007, the AMF was deployed in the Black Forest, Germany.
The AMF deployment in Niamey (13.58N, 2.18E) was associated with two large international campaigns: the African Monsoon Multidisciplinary Analysis (AMMA; Lebel et al. 2010 ) and the Geostationary Earth Radiation Budget (GERB; Harries et al. 2005) experiment. The proposal to the ARM Program leading to this deployment was titled Radiative Atmospheric Divergence Using the AMF, GERB Data, and AMMA Stations (RADAGAST). The proposal represented an international effort to measure continuously the radiative fluxes at the surface and top-of-the-atmosphere through the seasonal progression of the West African monsoon (Miller and Slingo 2007) . Because precipitation in Niamey is limited to the monsoon period from June to September, a strong seasonality in the surface energy balance is obvious (Miller et al. 2009 ). The site is also well-suited to study the impact of Saharan dust, biomass burning, and deep convection.
The AMF deployment in Niamey was an integral part of the AMMA north-south transect that allowed the monsoon progression to be studied in detail. The most southern station Djougou, Benin (9.68N, 1.78E), is under monsoon influence already in April, while the most northern station Gourma, Mali (16.08N, 1.58W), becomes affected by moist air masses usually after June. Therefore annual precipitation in Djougou is much stronger (1124 mm in 2006) than in Niamey (384 mm). As shown in Fig. 29-11 , the difference in low-level clouds is also quite pronounced with only few clouds bearing more than 200 g m 22 liquid
water path in Niamey, while above Djougou such values typical for daytime boundary layer development are found much more frequently (Pospichal 2009 ). Both sites show the frequent occurrence of midlevel clouds located at the top of the Saharan air layer (Bouniol et al. 2012) . The Convective and Orographically Induced Precipitation Study (COPS; Wulfmeyer et al. 2011) 
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processes responsible for the forecast deficiencies, COPS combined 4D observations and high-resolution modeling in a strong international collaboration. In situ and remote sensing networks were installed in southwestern Germany, 10 research aircraft were operated, and a synergy of multiwavelength passive and active remote sensing instruments such as lidars, radars and radiometers were operated at five supersites. The AMF located in the Murg Valley (Fig. 29-12 ) was an integral part of the supersite transect across the Black Forest, the Rhine Valley, and the Vosges Mountains. The continuous measurements over the 9-month deployment period allowed long-term cloud statistics to be derived (Ebell et al. 2011) and supplemented the 37 COPS intensive operation days. The broad frequency coverage of microwave radiometers from ARM and European partners at the AMF also were exploited to improve the description of water vapor continuum absorption ). The COPS special issue in the Quarterly Journal of the Royal Meteorological Society in January 2011 with 21 contributions nicely represents the breadth of activities including the effects of soil moisture, surface energy budget, convective initiation and enhancement, multiscale interactions, long-range dust transport, aerosol and cloud microphysics, data assimilation, and forecast studies. In addition to the complete AMF deployments, ARM-EU collaborations also took place on smaller scales via less formal participation in field campaigns. One example is the second field experiment of the Radiative Heating in Underexplored Bands Campaigns (RHUBC) project that took place in the Atacama Desert at 5300 m above sea level (Turner and Mlawer 2010) . Here, the University of Cologne participated with a microwave radiometer to complement measurements across the full spectral range. In addition, the campaign demonstrated the superiority of more recent water vapor absorption models for climate simulations (Turner et al. 2012 ) and improved our knowledge in microwave calibration techniques (Maschwitz et al. 2013 ).
b. ARM-EU collaboration on retrieval algorithm development
Partly triggered by the activities of CLIWA-NET (section 2b), strong collaboration on microwave radiometry between ARM and EU scientists has been developed over more than a decade. In this period microwave radiometers developed from research instruments to operational tools for profiling atmospheric temperature and humidity and observing the columnar amount of liquid water. Scientists from ARM and EU have written reviews jointly on microwave radiometry (Westwater et al. 2005) , worked on various processing challenges that affect the accuracy of the derived products, and participated in joint field experiments (see section 4a). Maschwitz et al. (2013) assessed the different sources of uncertainty involved in the calibration of microwave radiometers. This includes the effects of antenna beamwidth, which is especially important for elevation scans used in the tipping curve calibration, as well as the impact of channel bandpass characteristics, which were investigated . ARM Mobile Facility deployment in the Murg Valley, Germany.
29.23 in detail by Meunier et al. (2013) . In terms of converting measured brightness temperatures into geophysical products, the absorption characteristics of atmospheric gases and hydrometeors are important parameters for modeling the radiative transfer. Observations across the globe have been used in a collaborative effort Kneifel et al. 2014 ) to test and further improve these models. In addition, the microwave observations were evaluated using different ground-truth data at profiling sites (Mattioli et al. 2008; Cimini. et al. 2009 ). Selected collaborative developments are presented in Table 29 -13. To facilitate the exchange of information in the microwave radiometer user community the Microwave Radiometer Network (MWRNET) was established in 2009 by the EG-CLIMET COST action. The MWRNET connects people worldwide working with ground-based microwave radiometers to ultimately establish an operational network sharing knowledge, software, procedures, formats, and quality control. Collaboration with radar processing is starting first with work on Doppler spectra processing (Maahn and Kollias 2012) and formalizing information exchange.
c. ARM-EU collaboration on model evaluation
Following presentations of the Cloudnet radar-lidar analysis scheme and NWP model evaluation framework at ARM science team meetings, the Cloudnet scheme was included in the Fast Physics Testbed and Research (FASTER) project of the DOE Earth System Modeling (ESM) program that aims to evaluate and improve the fast-physics processes, particularly those associated with clouds, in various atmospheric models. The Cloudnet analysis scheme (see section 3a for a full description) was implemented on the observations from the various ARM sites worldwide, including the AMF at its numerous deployments. The Cloudnet model evaluation framework (described in section 3c) was implemented as an integral part of FASTER's Single Column Model Testbed (SCM-Testbed) and Numerical Weather Prediction Testbed (NWP-Testbed). In the SCM-Testbed, various SCMs are run over the ARM sites and compared to the observations. Since these models are very fast to run, it is straightforward to carry out reruns to test the impact of different physical parameterizations and to test how they affect the performance in terms of cloud properties.
In the NWP-Testbed, the performance of NWP models has been assessed in a much wider range of climate regimes and over longer periods compared to the original Cloudnet project. Figure 29-13 shows the time series of the symmetric extreme dependency score (SEDS) that gauges the skill of the various forecast models to predict cloud fraction above 5% in the right place at the right time. As discussed in section 3c, SEDS has the advantage over the traditional ETS that the value does not depend upon the frequency of the event. The skill scores for cloud fraction are plotted in Fig. 29-13a for the ARM SGP site from 2001 to 2010 and in Fig. 29-13b for the ARM Darwin site. Over the SGP site, the models show considerably higher skill in the winter than the summer, presumably because the location of convective clouds is more difficult to predict than clouds associated with wintertime synoptic disturbances. Also, all models show considerably higher skill than achieved by a 24-h persistence forecast. The picture is different over Darwin in Fig. 29-13b . While Turner and Löhnert (2014) Sensor synergy Uncertainty in the retrieval of cloud liquid water from active and passive microwave observations Ebell et al. (2010) Sensor synergy Thermodynamic profile retrieval from combined spectral microwave and infrared Cloud profile retrieval Feasibility of liquid water profile retrieval from passive microwave radiometer measurements 29.24 the models show generally more skill during the MayAugust peak of the dry season, there is considerably more year-to-year variability. Moreover, the challenge of tropical forecasting is highlighted by the fact that all models struggle to perform better than a persistence forecast at this location. Having a decade of data makes it possible to determine whether cloud forecasts have improved in this period, but in order to account for natural variability in the predictability of weather systems from year to year, it is necessary to compare the skill to that from a reanalysis, in which the forecast system was kept constant. The reference in Fig. 29-13a is the ERA-Interim. Over this period, the NCEP, ECMWF, and Met Office forecasts appear to show no significant improvement relative to the reanalysis, in spite of the concerted research effort over recent years.
d. Common use of ARM-EU data in scientific investigations
A dozen publications are identified where EU-ARM collaboration was established to carry out algorithm developments, data validation, process studies, and other analyses using observations from both European APRO and ARM programs. A dozen, compared to several hundred publications using data from European APRO programs, and a similar number using ARM Program data, is a limited number. A review of the publications allows us to shed some light on the issue. The list of investigations and related keywords are presented in Table 29-14. Nearly all first authors of these publications are principal investigators of European APRO programs. Hence they are all familiar with the European APRO data. All publications include coauthors who are principal investigators of the ARM Program or have been involved in a formal EU-ARM collaboration cited in this chapter. Hence these publications result from collaborations between authors who are familiar with the content and the benefits of both EU and ARM ground-based atmospheric profiling observations.
Half the publications rely on combined analyses of ground-based and satellite observations both for validation studies and for comprehensive process studies. Chepfer et al. (1999; and Naud et al. (2006) both evaluated retrievals of cloud properties (e.g., cloud altitude, cloud thermodynamic phase) from spaceborne passive radiometers using ground-based active remote sensors (e.g., cloud lidars and radars). Both used data from ARM (SGP and TWP) and Europe (CFARR, United Kingdom; SIRTA, France) to show if the uncertainties in satellite retrievals are site dependent. The use of multiple validation sites is particularly important to assess retrievals that are available globally. Pougatchev et al. (2007) developed a mathematical model to evaluate the contribution to bias and noise due to spatial mismatch between satellite and ground-based observations in intercomparison studies. They illustrated their model using ARM (SGP and TWP) and EU (MOL-RAO, Germany) radiosonde profiles. The A-Train CloudSat and CALIPSO 
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programs triggered numerous validations studies, among which a few relied on combined analyses of ARM and EU APRO data. Protat et al. (2009; ) assessed cloud-base height, top height, geometrical thickness, and reflectivity of ice clouds derived from CloudSat using airborne and five ground-based cloud radars (at ARM Darwin, EU MOL-RAO, and SIRTA observatories). They extended their investigation to evaluate retrievals of cloud microphysical properties . Dupont et al. (2010) assessed cloud-base height, top height, geometrical thickness, and optical depth of cirrus clouds from four midlatitude ground-based lidar datasets (at ARM SGP and EU SIRTA observatories). Later, Protat et al. (2011) showed that since the CloudSat cloud radar reflectivity had been calibrated using multiple references (Protat et al. 2009 ), the satellite cloud radar could be used in turn to calibrate cloud radars of the ground-based network that had not yet been intercalibrated [e.g., ARM North Slope of Alaska (NSA) and EU CESAR, the Netherlands]. Another topic of collaboration is the development of retrieval algorithms. Early work by van Zadelhoff et al. (2004) compared retrieval of ice cloud properties from radar measurements in the ARM Program and the EU Cloudnet program (see section 2b). They found that the relationships between radar reflectivity and ice water content were consistent between the European Union (CFARR and CESAR) and ARM SGP. However the relationship between radar reflectivity and droplet radius did not show such trans-Atlantic consistency. Hogan et al. (2005) showed that the liquid water content in stratocumulus can be retrieved by using the differential absorption between a 35-and a 94-GHz radar. To prove the efficiency of the technique, the authors apply Several authors also use the multiprogram datasets to explore processes over different climate regions to study potential regional differences or to make their findings more universal if they are consistent at different locations. The added value of using multiprogram datasets is that authors can develop a complex analysis method that relies typically on multiple collocated observations and then apply this method on measurements from several observatories. This requires that the different observing programs offer consistent observing datasets. Several studies concern radiative effects of clouds. Dupont et al. (2009) investigated shortwave and longwave radiative effects of cirrus clouds using broadband radiometers, sun photometers, GPS, and lidars from EU SIRTA, SGP, TWP, and NSA. They showed that cloud radiative effects on surface shortwave and longwave irradiance varied greatly from the tropics to the midlatitudes and the Arctic. Ebell et al. (2011) investigated cloud properties and cloud radiative effects in a European mountain site using the AMF. They found that cloud liquid water path and radiative effects in the continental mountain site are significantly less than at EU CFARR and CESAR maritime site. Other authors used multiprogram datasets to study cloud processes in the observations and in atmospheric models, either climate models or numerical weather prediction models. Naud et al. (2010) used lidar and radiosonde measurements at ARM SGP and EU SIRTA observatories to study vertical profiles of temperature and their relationship to thermodynamic phase of optically thin cirrus. Tonttila et al. (2011) found significantly higher variability in observed cloud-base vertical velocity in ARM SGP and EU MOL-RAO data than in the Applications of Research to Operations at Mesoscale (AROME) mesoscale model. We can conclude that there is a real motivation for carrying out investigations that rely on datasets developed by completely independent programs to expand the geographic coverage, to explore the validity of results across several locations (satellite and model evaluation), to explore process in different climate zones (process studies), to consolidate results (algorithm developments), and to prove the usefulness of the study. However, until now this has required significant skill, knowledge, and effort on the part of coauthors because EU and ARM APRO data are fully not harmonized. As datasets become more harmonized a larger number of publications can be expected to rely on multiple datasets.
Outlook toward future collaborations
Clouds, aerosol, and precipitation still pose key challenges for the prediction of future climate. Detailed ground-based profiling observations by APROs have unique potential to advance our understanding, but the full amount of information available across the globe is not fully exploited yet, as pointed out in section 4c. In November 2012, Clearly answering all questions would benefit from an enhanced collaboration between the EU and ARM communities. Within the discussions four collaboration topics emerged that are promising opportunities for joint activities.
a. Collaboration topic 1: Retrieval algorithms and uncertainty
Most importantly, the EU and ARM observing stations should develop integrated datasets with similar standards that are made available in a common location. These datasets should include both measured and retrieved atmospheric properties. For high-quality measurements, common methods for calibrating instruments must be developed-a good example is the already ongoing work on microwave radiometry within MWRNET (see section 4b). In response to the potential collaboration, a second workshop was organized to focus on retrieval algorithms and uncertainty. This workshop was held in May 2013 at the University of Cologne, Germany. There were 20 participants from both the ARM and EU partners. They discussed common algorithm frameworks and paths forward for improving and/or implementing and evaluating retrieval algorithms across EU and ARM observing stations. As a first step, a joint paper is being written to provide a general overview on retrieval algorithms and identifying important sources of uncertainty that need to be quantified in all retrieval algorithms (D. D. Turner et al. 2015, unpublished manuscipt (GOAMAZON) in Brazil 2015 provide other opportunities for collaboration. The HOPE campaign that combined three profiling sites within less than a 10-km range to investigate clouds at high resolution could serve as a test bed for LES models (see below) while the combination of airborne and ground-based observations seems promising for GOAMAZON. Bridging the Atlantic can be achieved by linking the atmospheric profiling site in Barbados (MPI Hamburg), the ARM site in the Azores, and transects of the Meteor and Polarstern research vessels. Future field campaigns, for example, Arctic sea ice study or clouds in the Southern Ocean, could benefit strongly from an early stage joint planning phase.
c. Collaboration topic 3: Improving the link between models and observations
The operational use of LES at profiling sites as done in the KPT (section 3c) is highly promising to match the scales of observations and models and should be made transferable to various sites. Model evaluation approaches developed in the United States and the European Union (section 3c) could be extended to include instrument simulators, for example, cloud radar simulators. For the larger-scale (see section 3b) a common observational dataset to be used for CMIP5 modeling evaluation should be developed.
d. Collaboration topic 4: Standardization and organization
On the more technical side, the architecture, standards, and framework for an integrated portal for metadata, products, and related information have been discussed. First steps have been taken already in terms of data integration between ACTRIS and ARM as a network of networks (section 2c). Aerosol profiles, water vapor, and liquid water will be the first geophysical parameters to test the full cycle from data harmonization via retrieval algorithms and uncertainty, value-added, and synthesis products.
Currently collaboration between the ARM Program and EU atmospheric observation programs rely on voluntary initiatives of motivated researchers in the United States and Europe. Coordination between U.S. and European funding agencies would be greatly beneficial to strengthen collaboration between the ARM Program and EU atmospheric observation programs. Such coordination would encourage the organization of common field campaigns and raise the level of scientific achievements. In addition, a bottom-up process building on mutual exchange visits by early career scientists, participation in summer schools, and sabbaticals has already proven to be efficient in enhancing scientific collaboration. European and U.S. researchers are ready for intensified collaborations in the future, which should be encouraged by both EU and ARM Programs.
